Measurements of δ 2 H and δ 18 O composition of pore waters in saturated and unsaturated soil samples are routinely performed in hydrological studies. A variety of in-situ and lab-based pore water extraction methods for the analysis of the stable isotopes of water now exist.
INTRODUCTION
Pore water extracted from soils for isotope analysis is now used extensively in hydrological process investigations. Such approaches are applied over a broad range of disciplines to characterize mixing processes in the soil (Gaj et al., 2016; Orlowski et al., 2015; Thomas et al., 2013) , investigate water flow paths at the hillslope scale (Garvelmann et al., 2012; Mueller et al., 2014; Vogel et al., 2010; Windhorst et al., 2014) , estimate transit times in soil profiles (Sprenger et al., 2015b; Stumpp et al., 2009; Timbe et al., 2014) , partition evaporation and transpiration fluxes (Dubbert et al., 2014; Rothfuss et al., 2010; Wang et al., 2012) , study water resource competition of plants (Meißner et al., 2012; Williams and Ehleringer, 2000) , and to derive community water-use patterns or zones of root activity in soils (Isaac and Anglaaere, 2013; Liu et al., 2011) . The capability to extract isotopically unfractionated water from soils is fundamental to all these studies and is still not solved (Munksgaard et al., 2014; Orlowski et al., 2016) .
To analyze the isotopic composition of soil water, a water extraction method is required.
Several extraction methods have been developed and can be categorized into laboratory-and field-based methods. Further, soil water isotopic composition can be determined via direct equilibration techniques. Laboratory methods include: azeotropic distillation (Revesz and Woods, 1990; Thorburn et al., 1993) , microdistillation (Kendall and Coplen, 1985) , mechanical squeezing (Böttcher et al., 1997; Wershaw et al., 1966; White et al., 1985) , cryogenic vacuum extraction (Dalton, 1988; Goebel and Lascano, 2012; Orlowski et al., 2013; Dawson and Ehleringer, 1993; West et al., 2006; Ehleringer et al., 2000) , a modified vacuum extraction technique (Koeniger et al., 2011) , centrifugation with or without immiscible heavy liquids (Mubarak and Olsen, 1976; Batley and Giles, 1979; Barrow and Whelan, 1980; Peters and Yakir, 2008 ), Picarro's Induction Module (Picarro, 2015) , microwave extraction (Munksgaard et al., 2014) , or the accelerated solvent extraction technique (Zhu et al., 2014) . Field-based methods include: wick samplers (e.g. Landon et al., 1999; Windhorst et al., 2014) , suction cups (e.g. Figueroa-Johnson et al., 2007; Landon et al., 2000; Weihermüller et al., 2005) , and zero-tension lysimeters (e.g. O'Driscoll et al., 2005; Wenner et al., 1991) . Equilibrium techniques include: direct liquid-water-vapor equilibrium (e.g. Wassenaar et al., 2008; Hendry et al., 2015) , in situ equilibration (Gaj et al., 2016; Garvelmann et al., 2012; Rothfuss et al., 2013 Rothfuss et al., , 2015 Volkmann and Weiler, 2014) , Hepurging (Ignatev et al., 2013) , and CO 2 -and H 2 -equilibration (Hsieh et al., 1998; Jusserand, 1980; Kelln et al., 2001; Koehler et al., 2000; McConville et al., 1999; Scrimgeour, 1995) .
For a detailed methodological review on the different soil water extraction methods, the reader is referred to Sprenger et al. (2015a) .
Although, the sheer number and variety of soil water extraction methods and their related publications have increased dramatically in recent years, little work has been done to compare the isotopic effects of different extraction procedures on the recovered soil water.
Preliminary work that has compared some of these soil water extraction techniques has suggested differences between the various approaches (Figueroa-Johnson et al., 2007; Jusserand, 1980; Kelln et al., 2001; Munksgaard et al., 2014; Sprenger et al., 2015a; Walker et al., 1994) . Kelln et al. (2001) compared mechanical squeezing, centrifugation, azeotropic distillation, and a direct soil water equilibrium technique developed by Koehler et al. (2000) .
They showed large discrepancies between the isotopic results extracted from clay-rich soils. Similar findings were obtained by Jusserand (1980) where δ 18 O values of spiked reference water differed from the extracted values obtained through mechanical squeezing, cryogenic extraction, centrifugation, and a direct equilibration method. Figueroa-Johnson et al. (2007) compared centrifugation and azeotropic distillation against suction lysimeters. They found lower isotope ratios for water collected from a sandy soil by centrifugation and azeotropic distillation than when sampled via suction lysimeters. Moreover, observed discrepancies were attributed to differences in grain size distribution -in sandy soils the differences between the methods were small but became large in clayey soils (Figueroa-Johnson et al., 2007) . When comparing the microwave extraction method against cryogenic extraction, Munksgaard et al.
(2014) observed discrepancies between the two approaches which they attributed to incomplete cryogenic extraction. Their cryogenically extracted soil water data plotted unusually to the left of the Local Meteoric Water Line (LMWL), which suggested that absorbed water in the clay-rich soil was not fully extracted by the conventional conductive heating mode employed in the cryogenic extraction technique (Munksgaard et al., 2014; Orlowski et al., 2013) . So far, it is assumed that the added water during spiking experiments becomes partly bound to soil minerals (clay hydroxyls) but is afterwards not or only partly released again during the various extraction approaches (Sprenger et al., 2015a) .
Despite the work to date and the extensive application of stable water isotope analysis, no formal intercomparison of the techniques for soil water extraction and their impact on resulting soil water isotopic composition has been performed. This is a major issue in our field, as noted recently by McDonnell (2014) and Sprenger et al. (2015a) . Studies are needed that explicitly explore effects of extraction techniques for mobile and immobile soil waters on the water isotope composition, especially in the ecohydrological context (McDonnell, 2014) .
Thus, estimates of plant water uptake depths, use of a soil water end member in hydrograph separation, or mean residence time analysis should be critically studied in light of the This article is protected by copyright. All rights reserved.
different mobilities of water in e.g. different soil types and pore spaces (Orlowski et al., 2016) . The choice of sampling methods is therefore crucial for the interpretation of soil pore water stable isotope data, but a systematic comparison between the different methods was still missing (McDonnell, 2014; Sprenger et al., 2015a) . Here we provide a first formal intercomparison of the five major lab-based techniques used for soil water extractions:
Cryogenic vacuum extraction, centrifugation, mechanical squeezing, direct vapor equilibrium method, and microwave extraction. We pose the null hypothesis that each extraction technique will yield the same soil water isotopic composition. We conducted the water extractions with two physicochemically different standard soils (silty sand and clayey loam), at different gravimetric water contents (8, 20, and 30%) spiked with a known isotopic label. were homogenized by a Vortex Genie (Scientific Industries Inc., New York, USA) and those in bags (for mechanical squeezing and direct vapor equilibration) were homogenized by hand. All samples were stored at 4°C for three days for equilibration of the solid and liquid phase prior to water extractions. Extraction/equilibration method specific preparations are for each method fully described in the following sub-sections including the extraction protocols.
MATERIALS AND METHODS

Experimental design
Pre-and post-water extraction soil sample weights as well as sample weights after an additional oven-drying (24 h, 120°C) were compared to determine soil water extraction efficiency. For isotope analysis, all extracted (liquid) water samples were filtered on 0.45 µm disk filters, transferred to 2 mL amber glass vials covered by solid silicone septa, and tightly sealed with Parafilm®.
[ Table I near here]
Soil water extraction techniques and extraction parameters
Cryogenic vacuum extraction
For cryogenic vacuum extraction, the sample material was heated (>90°C) under vacuum.
Thereby, water evaporated from the soil material and was subsequently caught in a (cryogenic) liquid nitrogen cold trap (Ingraham and Shadel, 1992) . After defrosting, the liquid water sample was accessible for isotope analysis. We used two different cryogenic distillation systems in this study; both were extendable multi-port systems providing the possibility to extract a larger number of samples per day, simultaneously (Orlowski et al., 2013) . The system developed at the Institute for Landscape Ecology and Resources Management (ILR, Giessen, DE) was a mobile setup which consisted of a vacuum manifold with six independent extraction lines, each comprising three extraction-collection units, resulting in 18 extraction slots (referred to as DE system). A detailed description and validation of this system was given in Orlowski et al. (2013) . The other setup at the Global Institute for Water Security (GIWS, Saskatoon, CA; referred to as CA system) was very similar to the apparatus at the ILR and comprised six independent extraction lines with four extraction-collection units. 24 samples could be extracted in parallel (Orlowski et al., 2013 (Orlowski et al., , 2016 
Centrifugation
For the centrifugation method, 40 g of soil samples were prepared in 50 mL centrifuge tubes.
Tubes were capped and tightly sealed with Parafilm® (homogenization and storage as described above). An additional set of two centrifugation tubes (15 mL) per water content and soil type were prepared similar to di Bonito et al. (2008) with Whatman® Grade 1 filter paper placed over the exit hole; soil was then transferred into the prepared tubes, capped, and placed inside a clean 50 mL centrifuge tube. The compilation of smaller centrifuge tubes equipped with filter paper placed in larger tubes are hereafter referred to as filter tubes ( Figure 3 ). All soil samples were spun at 5000 rpm for 15 minutes on an Eppendorf centrifuge model 5804 (Eppendorf Corp., Hamburg, DE). Initial tests showed that centrifugation times of <30 min were sufficient, after which no more water could be extracted at a particular speed. Relative centrifugal force was converted to soil water tensions using transformations based on simple soil physics (Edmunds and Bath, 1976; Figueroa-Johnson et al., 2007) . A calculated tension of approximately 30 kPa was applied to all soil samples.
Mechanical squeezing
For mechanical squeezing, 400 g of soil was added to a Ziploc® bag with subsequent reference water addition. Bags were sealed after squeezing out excess air, and massaged for homogenization. The samples were subsequently placed in a second Ziploc® bag and equilibrated as described above. The high pressure mechanical squeezers used for this study were constructed similar to Böttcher et al. (1997) and consisted of a stainless steel chamber with a porous stainless steel filter disk at the exit port and a brass piston applying compression to the top of the sample. Soil samples were transferred from the Ziploc® bag into the squeezer chamber, a syringe was attached to the exit port, and piston placed at the top. Pressure was applied via a hydraulic jack to a maximum of 10000 psi (68.95 MPa) and held at that pressure for 24 hours. Water was expelled from the soil through a stainless steel sintered filter at the bottom of the stainless steel squeezing cylinder directly into a syringe.
Special precautions were taken to ensure that neither the soil sample, nor the expelled water came into contact with the atmosphere during this process.
Direct vapor equilibration method
Soil samples were prepared similarly to the samples for mechanical squeezing: 400 g of soil were added to a Ziploc® bag, with subsequent amounts of reference water. Ziploc® bags were evacuated, sealed and massaged to homogenize, placed inside a second Ziploc® bag, and stored to equilibrate prior to analysis. We followed protocols of Hendry et al. (2015) and Wassenaar et al. (2008) , whereby the Ziploc® bags containing the soil samples were inflated with dry air, sealed, and allowed to equilibrate at room temperature for additional three days prior to water vapor isotope analysis.
Microwave extraction
For microwave extraction, 25 g of each soil sample was prepared directly into glass scintillation vials. Vials were capped and tops wrapped with Parafilm®. After equilibration as described above, the sample material was transferred to the extraction vessel in the microwave and evenly distributed across the base of the container. The microwave extraction setup was constructed following Munksgaard et al. (2014) . A domestic microwave was coupled with an IWA-45EP Analyzer (Los Gatos Research Inc., Mountain View, US).
Through microwave irradiation within a sealed vessel including the soil sample, water was extracted into a dry air stream. The evolving water vapor was directed into a cooled condensation chamber, which controls the water vapor concentration and flow rate to the analyzer. Microwave power was set to 300 W for 15 min analogous to Munksgaard et al. (2014) . For drift corrections and calibrations, in-house liquid water standards were run after every fourth sample. A piece of filter paper (Whatman® 541) was placed inside the extraction container and 0.3 ml of water standard was added to the filter paper. The filter paper caused water to be distributed across a large surface area as per Munksgaard et al. (2014) . The same water extraction procedure was performed for the water standards as for the soil samples. δ 18 O and δ 2 H values were derived after machine specific humidity corrections were applied to each sample data-set following the protocols outlined by Schmidt et al. (2010) for the specific isotopic analyzer used for this study.
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Isotope analyses
For cross-checking the isotope results and ruling out potential analytical differences, the isotopic composition of all water samples were analyzed via both Off-Axis Integrated Cavity (Craig, 1961) . Isotopic data of soil water extracts were checked for spectral interferences using the Spectral Contamination Identifier (LWIA-SCI) post-processing software (Los Gatos Research Inc.) when measured via OA-ICOS. No sample was found to be contaminated with organics such as potentially co-extracted methanol, ethanol, acids, glycols, and other species. However, these co-distillates typically occur in plant water extracts (Leen et al., 2012) .
Statistical evaluation
For statistical analyses, we used IBM SPSS Statistics (Version 22, SPSS Inc., Chicago, IL, US). For quantifying any methods differences, effects of soil type and water content, the obtained isotope data were tested for normal distribution. Subsequently, Multivariate
Analyses of Variances (MANOVAs) were applied and either Dunnett-T3 or Tukey-B tests were run to determine which groups were significantly different (p ≤ 0.05).
To evaluate the performance or proficiency of each extraction method, a target standard deviation (SD) was set to 2‰ for δ 2 H and 0.2‰ for δ 18 O for liquid water and vapor samples measured via OA-ICOS and IRMS. The target SD was selected based on similar studies (Wassenaar et al. 2012 ) and a combination of standard errors.
We determined Z-scores for each method using the assigned target SD. Z-scores show how far the extracted water isotopic ratios differed from the reference water used for spiking. The Z-scores were calculated for each sample and isotope according to Wassenaar et al. (2012) : (1) where, E was the extracted δ 2 H or δ 18 O value, respectively, R was the δ 2 H or δ 18 O value of the reference water, and μ was the target SD. A Z-score of <|2| was considered acceptable, values from |2-5| were considered questionable and >|5| was considered unacceptable. In contrast to Wassenaar et al. (2012) , we extended the questionable and unacceptable range of Z-scores from previously |2-3| to now |2-5| and the unacceptable range from >|3| to now >|5| due to the culminating addition of standard error associated with the following SD's: labelled This article is protected by copyright. All rights reserved.
water, in-house standards, and machine precision that all may have an additional effect on the obtained isotope results. The assessment of Z-score analysis should help to identify in which ways extraction/equilibration method results are intercomparable and trustworthy. [ Figure 1 near here]
RESULTS
When comparing purely mechanical methods that do not involve phase changes prior to measurement (squeezing and centrifugation), results were statistically comparable and not significantly different for any water contents tested for both soil types and for both isotopes.
The direct vapor equilibration method produced inconsistent results when comparing across water contents and soil types. At 8% WC, the method showed numerous statistically significant differences from all other tested methods. However, as water content increased, it shifted to only being different for clayey loam for all extraction methods and microwave extraction (for both soil types).
In general, higher water contents showed less significant differences among the different extraction approaches. This was especially true for the silty sand.
IRMS measurements
For 8% WC, some extractions did not provide enough water for both IRMS and OA-ICOS analysis and other methods were only applicable using OA-ICOS such as the direct vapor equilibration or the microwave extraction method. Nevertheless, again centrifugation and squeezing showed no statistically significant differences for both isotopes and soil types at 8% WC but both differed from cryogenic extractions (except for cryogenic extractions vs.
centrifugation for δ 2 H values of the clayey loam) (Figure 1b) .
When comparing the 20% WC isotope values (δ 2 H and δ 18 O) of the different extraction methods, almost all samples showed significant differences among each other for both isotopes. Even between centrifuged and squeezed samples, statistically significant differences were observed for the clayey loam for both δ 2 H and δ 18 O. However, no significant differences were observed for the sandy soil when using squeezing or centrifugation at 20% WC. In comparison to the 20% WC, the 30% WC samples again showed less significant differences among the extraction methods (Figure 1b , lower graph). At lower water contents, the vapor equilibration method showed higher Z-scores for the clayey loam soil than for the silty sand, with all values falling in an unacceptable range.
Assessment of proficiencies by Z-score analyses
However, most of the silty sand results still plotted in a questionable range for the vapor equilibration technique. Cryogenic extraction showed the opposite effect, of more negative δ 2 H Z-score values with decreasing water content. On the δ 18 O axis, cryogenic extraction, centrifugation, squeezing, and vapor equilibration all trend towards a negative Z-score, with cryogenic extraction showing the most negative Z-scores. On average, the proficiency across all methods was much better for the silty sand, than for the clayey loam soil type. In most cases, excluding microwave extraction, there were acceptable Z-score results for silty sand, particularly at water contents above 8%; similar trends are shown for clayey loam soil with increasing water content plotting closer to the origin, yet at an unacceptable range. Squeezing appeared to be a satisfactory method for both soil types at all water contents for silty sand and
above 8% WC for clayey loam. From a pure Z-score perspective, squeezing and centrifugation provided the best values with respect to the original reference water value for both soil types, with vapor equilibration coming in at a close third for silty sand.
[ Figure 2 near here]
Differences between IRMS-and OA-ICOS-based assays
The dual isotope plots presented in Figure 3 For the silty sand soil type ( Figure 3A) , differences between methods and water contents were obvious, with microwave extraction showing strong enrichment and cryogenic extraction showing significant depletion for both isotopes. Interestingly, both of those methods were capable of completely extracting all of the soil pore water but due to their mode of operation, create vastly opposite effects on the measured isotopic ratio. [ Figure 3 near here]
For the clayey loam soil type ( Figure 3B ), differences between methods and water contents follow the same patterns as the silty sand soil type but are larger. Similarly to the silty sand, cryogenic extraction shows significant depletion for both isotopes with the most depletion occurring for δ 2 H at the lowest water content. For clayey loam, differences between values (IRMS vs. OA-ICOS) over all methods tested ranged from 0.1-1.0 ‰ for δ 18 O, and 0-1.5 ‰ for δ 2 H, still within a good range to utilize OA-ICOS for routine analysis for all methods at applicable water contents.
DISCUSSION
Extraction methods and their effects on δ 18 O and δ 2 H
Out of the five methods compared, mechanical squeezing and centrifugation showed the highest proficiency for both soil types and individual isotopes of δ 2 H and δ 18 O. Interesting differences were observed between many of the methods with respect to individual isotope shifts compared to the label water. It is possible that the mechanics of each method, or the phase changes that the water molecule went through as part of the specific extraction process prior to analysis, may have affected the resulting isotopic ratio. (Garvelmann et al., 2012; Sprenger et al., 2015a 
Measurement error and uncertainty
In addition to the methods comparison, precision associated with analytical and laboratory equipment must be assessed. This will compound any differences across different method types. The associated uncertainty of the labelled water, the in-house standard used to define the OA-ICOS results, and the standard error associated with the OA-ICOS measurement, the minimum standard deviation for this study was approximately 3‰ for δ 2 H and 0.6‰ for δ 18 O. This does not take into account any errors associated with weighing soils, volumetric water additions to the sample, or any standard deviations related to each particular method.
Others have likewise examined such measurement uncertainties. Koeniger et al. (2011) performed cryogenic extraction on spiked replicates of both sand and clayey soils and found significant differences for each soil type, with clayey soils having nearly 2‰ more deviation than sand for δ 2 H and 0.23‰ more for clay of δ 18 O. Wassenaar et al. (2008) reported repeatability in clay soils spiked with water of 0.7‰ for δ 2 H and 0.02‰ for δ 18 O using the direct vapor equilibration method, but generally precision decreased to 2.1‰ for δ 2 H and 0.4‰ for δ 18 O for this technique (Hendry et al., 2015) . We also noted instrument precision as well as reference labelled differences used to rewet the soil. Water-to-water cryogenic extraction was performed in both labs (CA and DE) to determine the precision of each system prior to application to soils. The CA lab showed precision of ±0. 
Soil type and treatment effects on isotopic signature
It is common practice to use oven-dried soils and rewetting to perform laboratory based experiments for methodology standardization (Koeniger et al., 2011; Oerter et al., 2014; Orlowski et al., 2013; Savin and Epstein, 1970; Sprenger et al., 2015a; VanDeVelde and Bowen, 2013; Volkmann and Weiler, 2014) . This common practice is based on the premise that all water in the soil is evaporated by oven-drying and only the water added afterwards for recovery experiments will be measured. However, what is typically neglected for clay soils in particular is the interlayer and adsorbed water that may also be changed, left behind or completely removed during this process. Early on, Savin and Epstein (1970) , and later VanDeVelde and Bowen (2013) have demonstrated that the removal of interlayer and adsorbed water on clay soils can occur when they were heated at 100 to 300°C under vacuum. Savin and Epstein (1970) also observed atmospheric vapor isotopic exchange with interlayer water (almost completely) within hours. They demonstrated that the isotopic composition of clay interlayer and adsorbed water can reflect the isotopic composition of atmospheric water vapor at the storage location; however, once the soil had been heated under vacuum and the interlayer water was removed, the water that remained showed no isotopic exchange. Recently, Sprenger et al. (2015a) questioned the common practice of spiking experiments with dry soils and suggested using field wet soils for comparison studies instead; however, the true isotopic signature would be unknown for field soil samples. In our study, soil samples were oven-dried using standard methods at least twice prior to any rewetting and stored in a desiccation chamber until use. We also used higher drying temperatures and longer durations (72 h, 120°C) than usually applied in other studies (e.g. Koeniger et al., 2011; Meißner et al., 2014; West et al., 2006) . However, drying for this study was not done under vacuum, so it can be assumed that not all of the clay interlayer and adsorbed water was removed or made non-isotopically exchangeable, which could explain some of the discrepancies throughout many of the methods tested, especially at low water contents. For the low water contents used in this study, the amount of available water fraction was small and exchange with interlayer and adsorbed water would be high. In hindsight, repeating this with soils dried under vacuum and higher temperatures may help identify this phenomenon. A co-extraction of organic compounds such as methanol, ethanol, acids, glycols, and others as observed by Leen et al. (2012) and West et al. (2010) leading to sample contamination can be neglected for both soil types in our study since no significant differences between OA-ICOS and IRMS results were observed, which could have indicated such organic contamination effects. Moreover, the LWIA-SCI software did not detect any contaminated samples which would have occurred when organics were co-extracted. As tested by West et al. (2011) , the manufacturers' software appropriately identifies problematic samples; however, it does not resolve the underlying problem of contamination affecting laser-absorption based measurements.
Another issue affecting extracted isotope results can be the presence of organic matter (organic carbon content) in soil samples. An intercomparison water recovery experiment by Walker et al. (1994) had difficulties getting back the added reference water from dry and wet clays, sand, and gypseous sand. The authors assumed that decomposition of organic matter or extraction of crystallization water could have biased isotope effects. Recently, Orlowski et al.
(2016) observed that δ 2 H values decreased with increasing organic carbon content when using cryogenic extraction. Thus, research is urgently needed to analyze the full extent of soil organic matter i.e. exchangeable bonded hydrogen (Meißner et al., 2014) in organic-rich soils on the extracted isotopic composition (Orlowski et al., 2016) . The different existing exchangeable (labile) hydrogen fractions in environmental organic matter (O-, N-, and Sbonded or aromatic hydrogen) can easily interact with ambient water or water vapor (Ruppenthal et al., 2010) and thus are assumed to cause isotope effects. However, the effect of organic carbon content on isotope results obtained via extraction/equilibrium methods other than cryogenic extraction is still not known.
Further isotopic fractionation effects due to chemical reactions or high salt concentrations as observed by Oerter et al. (2014) may also explain some of the discrepancies between methods at specific water contents. Oerter et al. (2014) showed that isotope effects due to soil type are more common in soils with higher cation exchange capacity at low water contents. This can be further exacerbated by the cations present in the soil. Those soils with high ionic potential (e.g. Ca 2+ and Mg 2+ ) can create large amounts of structured water around the ion (hydrated radii) compared to the bulk water in the system. O'Neil and Truesdell (1991) theorized that from an oxygen isotope perspective, such cations are capable to cause fractionation between bound and bulk soil water. Moreover, soils higher in potassium ions may have a greater effect on hydrogen isotopes, while sodium soils demonstrate non-fractionating effects (Oerter et al., 2014) . These cation fractionation effects for montmorillonitic soils in particular can result in depletion of up to 1.55‰ in dry soils and 0.49‰ for δ 18 O for wet soils. Others likewise observed that the isotopic fractionation effect due to hydration is more pronounced when only little water is added (e.g. Ingraham and Shadel, 1992; Meißner et al., 2014; Walker et al., 1994) . In soils with high water contents, the volume of water affected by hydration is small in comparison to the extracted water (Sprenger et al., 2015a) . This is why hydration has no measurable effect on the isotope analysis (Sprenger et al., 2015a) .
In our study, chemical and salt effects can be ignored for the silty sand due to a low cation exchange capacity of 4.1 meq 100g -1 , whereas the high cation exchange capacity (30.6 meq 100g -1 ) of the clayey loam soil may have caused some of the detrimental effects seen across the methods, especially at low water contents due to ion hydration effects among the cations present.
How to choose which method to use?
Ultimately, the goal of each individual study will dictate which methods are suitable for the particular results, sample types, timeline, cost, and needed precision. For example, if one is interested in delineating process-affected water from a mine in a reclamation landscape, as compared to precipitation or shale pore water in the same landscape, all of these techniques would in essence, provide a clear picture. For these kinds of studies, compromises in accuracy are acceptable since isotopic variations among these types of waters are generally higher and can still be distinguished.
However, when factoring costs and time involved in analysis are important factors in a particular study, the direct vapor equilibration method is the least expensive and least time consuming choice. However, tradeoffs in accuracy are sacrificed with direct vapor equilibration, especially in low water content soils (<5% gravimetric water content of less than 3 g of water in the sample) and consolidated shales (Hendry et al., 2015; Wassenaar et al., 2008) . Sample storage time and storage containers must also be considered when using this method. Hendry et al. (2015) showed that this method is analytically reproducible using Ziploc® freezer bags for storage times less than 10 days, while storage for longer periods of time may cause fractionation of the isotopic signal due to evaporation or microbial activity. Sprenger et al. (2015a) showed storage times of up to 30 days when using laminated coffee bags with up to 90% less water loss than Ziploc bags after 30 days. To eliminate microbial activity effects, others have recommended sterilization (Hsieh et al., 1998) . There is also no defined standard for headspace equilibration times across sample types with equilibration times varying from 15 h to 7 days (Garvelmann et al., 2012; Hendry et al., 2013; Mueller et al., 2014; Sprenger et al., 2015b) . Our results further suggest that this method produces results that differ significantly from other methods except at higher water contents in silty sand. However, at water contents above 20% very similar results were demonstrated in the silty sand as compared to squeezing and centrifugation. This means that at higher water contents and in coarse soils the results from direct equilibration, squeezing, and centrifugation would generally be cross-comparable.
For matching plant waters to soil water sources in ecohydrological settings, much higher precisions would be required than for the previous scenario. To answer research questions about which water pool/s plants may be accessing (although recent work suggests that such water is likely at a scale poorly represented by sample sizes in each of our methods compared- (Evaristo et al., 2016) ), there may only be very small differences in isotope ratios, making precision a top priority, no matter the cost. According to the results of our study, high pressure mechanical squeezing or centrifugation are the best options. Contrary to This article is protected by copyright. All rights reserved. Kelln et al. (2001) , squeezed samples in this study showed small deviation from the added reference water compared to all other methods, even for the clayey loam. Squeezing conversely, has a high capital cost upfront with a low consumable cost and is very manpower intensive and time consuming; while centrifugation has a similar capital cost, is less time consuming and large numbers of samples (8-24 samples depending on rotor size every 15 minutes) can be processed daily. If squeezing is the selected extraction method, care must be taken with respect to sample storage; normally, less than 10 samples will be processed for each 24 hour period, so it could take weeks to months to get through a large sampling program, consequently, storage stability is paramount. Also, squeezing coarser soils at low water contents is sometimes not possible. Since isotope values obtained from both squeezing and centrifugation closely match the added reference water for this study, we would recommend either of these methods if a sufficient amount of soil sample material (>200g for squeezing and >50g for centrifugation) is available so that an adequate volume of water for isotope analysis can be withdrawn from samples.
Currently, cryogenic extraction is the most common tool for extracting both plant and soil water (Orlowski et al., 2016) . The attractiveness of this method is the ability to obtain measurable amounts of water from very small sample sizes (<10g). However, cryogenic extraction involves high capital and operating costs (e.g. costs for system maintenance or liquid nitrogen) and is time consuming. 1 Soils also present their own set of unique challenges during cryogenic extraction as pointed out in this study and others (e.g. Orlowski et al., 1 Many plant species also expel alcohols along with the extracted water and can subsequently only be analyzed on IRMS (costly and time consuming) instead of the faster, less expensive OA-ICOS (West et al., 2010) . Also, thus far, none of the isotope effects associated with soils have been observed during plant water extractions (Koeniger et al., 2011; Munksgaard et al., 2014; Peters and Yakir, 2008) . Therefore, plant water extractions are assumed not to be problematic in this regard.
2016). The extreme temperature and pressure conditions during extraction are likely to mobilize both hygroscopic (Koeniger et al., 2011) and biologically bound water (Sprenger et al., 2015a) . In addition, cryogenic extraction may have an effect on removal of clay interlayer water and hydrogen bonds as already discussed. Some have suggested utilizing higher temperatures for clayey loam soil types for recovering initial isotopic composition, as well as the extraction of ad-and absorbed water attached to clay minerals (Araguás-Araguás et al., 1995; Walker et al., 1994) . These studies have also shown that extraction temperatures may affect isotope results. Many studies (Koeniger et al., 2011; Orlowski et al., 2013; West et al., 2006) including this one, show essentially complete extraction in terms of water recovery by weight (our recovery was >99%). For the two soil types tested, we observed statistically similar results on both cryogenic systems showing that when exact experimental guidelines are followed on the same set of soils, results are cross-comparable to each other (see Orlowski et al., 2016 for further discussion).
Cryogenic extraction and microwave extraction are similar in that they both use heat (approximately 60-80 °C for microwave and >90 °C for cryogenic) and vacuum (970 hPa over 10 min (Munksgaard et al., 2014) for microwave and 0.1 Pa for cryogenic). Since microwave extraction for water extraction is new, little is known about the effects soil properties play on the isotope results. Other issues such as phase change, temperature, and pressure effects associated with this method are also still poorly understood. Although the method shows promise, much more needs to be done with respect to delineating all the factors that may influence the extracted isotopic composition. Further work is needed to precisely determine which set of parameters (e.g. time, irradiation) work best for specific soil types and water contents. The ability to rapidly extract water in vapor form coupled directly to an OA-ICOS is an attractive future option and could potentially be one of the quickest and least expensive methods of analysis once the methodology has been proven.
CONCLUSIONS
We have examined five different soil water extraction methods used for the analysis of the stable isotopes of water on two physicochemically different soil types (silty sand and clayey loam) at three water contents (8%, 20%, and 30%). Recent literature has called for intercomparison between the methods (McDonnell, 2014; Orlowski et al., 2016; Sprenger et al., 2015a) used to study water movement through soil profiles at hillslope and watershed scales, mine reclamation landforms and benchtop studies of soil pore water and its interaction with minerals. This study is the first to encompass five commonly used extraction methods within a very explicit set of parameters e.g. using the same standard soil material and water contents throughout all of our intercomparison experiments.
We compared δ 2 H and δ 18 O analyses on both an OA-ICOS and IRMS, with insignificant differences in results recorded between the two, showing that organic contamination (via e.g. methanol, ethanol, acids, glycols, and similar species) was non-detectable. For studies demanding extremely precise results or with potential organic contamination, water extraction techniques and machine selection are critical. The now-standard cryogenic extraction technique was outperformed by both squeezing and centrifugation with respect to labelled water isotopic recovery ratio. For studies requiring less precision, the direct vapor equilibration method is suitable, with precision being greater for sandy soil and nearly comparable to centrifugation. Microwave extraction protocols are still developing and we would caution (at this time) such use as a standard approach for soil water extraction.
Overall, soil type had a direct effect on many of the methods associated with a phase change This article is protected by copyright. All rights reserved.
(cryogenic extraction, microwave, direct vapor equilibration), while those methods involving purely mechanical forces tended to produce similar results, comparable to each other with respect to soil type.
Lastly, although this study encompasses many techniques, questions remain, particularly for extractions from soils with low water contents. Future research should focus on clay mineralogy, organic matter, and water content effects as well as the effect of drying and rewetting on interlayer or adsorbed water. Alternative approaches should also be explored to assess whether or not the drying and rewetting process affects the isotopic composition as compared to a bulk soil collection in-situ with subsequent methods analyses.
